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THE 1965 Am-AEC JOIKT LIGHTMNG STUDY AT LOS AIAMOG 

VOLUME I 

THE LICHTNIIC SHCTRUM.    CHABGE TRANRreR IN LIGHTNH«}.    EPFICIENCy CF 

CONVERSION OF ELECTRICAL EMERCY I??ro VISIBI2 RADXATICW 

T. Robert Connor 

ABSTRACT 

In the suntner of 1965 the Atomic Energy Conmlaslon and the Department 

of Defonse  (ARM) sponsored studies of the optical and elActrooagnetlc 

emissions of lightning at Los Alamos, N. M., to obtain infomBtlon for 

Improving lightning discrimination methods in high altitude air fluores- 

cence detection systems.   The project was a coordinated effort among LASL, 

EG&G, DRI, and a small AWRE team.    IASL obtained alitless spectra of U 

strokes from six flashes.   The analysis and evaluation of these spectra 

and correlated electric field data are the subject of this report. 

The spectra were of the following types:  (1) ten stroke-resolved 

spectra of first and subbequent return strokes,  (2) time-resolved spectra 

of two coirtlnulng luminosities,  (3) the spectrum at three different heights 

along the channel of a single return stroke.   AU are fully reduced in 

terms of flux (erg/A-cni2) at the entrance pupil of the spectrograph and 

corrected far atmospheric transmission.   While not a large statistical 

sample, these spectra are of considerable value, toe they are the only 

quantitatively reduced spectra covering the  füll vlPlble wavelength range. 

The spectrum of lightr.lng consists of a etrong continuum with strong 

lines attributable to Nil, NI, HI, and 01.    The spectra of first return 

strokes differ fron those of subsequent return strokes and continuing lu- 

minosities.    If the best straight-line fit Is nade to the continuum, the 

ratios of continuum in the vicinity of 3900 X to that in the vlelnlvy of 

69OO k are 2.0, 1.6, and 1.0 for first return strokes, subsequent return 

strokes, and continuing lumlnoeitles, respectively.   These ratios indicate 

decreasing channel temperatures in the order given.   Also, if the ratio of 

Nil radiation to NI radiation is used as a measure of excitation and ionl- 

zation, then first return strokes have the highest degree of excitation 

and lonization of the three lightning phenooena, and continuing luminosi- 

ties have the lowest. 

On the basis of the 10 return-titrobe spectra, considering atmoephsrlc 

transmission and photodeteetor sensitivities, the blend of Nil oultiplets 

at 5000 k and the Ha line at 6565 k appear to be the most autstandl"g 



feiiture» with • potential far dls-rlmlnatlon ep'pllcatlons.   Unier a va- 

rl(»ty of atom and background lieht ccoUtlcas, thn 3000-1 ftature nay 
be even better than the 6565-H line. 

13« chaurge transftrred to ground and the energy deposited In the 
etiannel «ere calculated using els^tromignetlc data and photographic rang- 

ing data.   Using data en 18 strokes flrom six flashes, averages of charge 

transferred to ground are 7 eouladas/stroke, and 28 eeulcafcs/flash.   The 

energy per oeter of channel deposited by a return stroke ranged between 

2 x 10* and 3 x 105 Joules/neter.   The efficiency for the conversion of 
«lectrlcal energy to visible (3900- to 6900-1) radiation was calculated 
to be 0.7*. 

I.    nnRCDOCTIOB 

During the 1965 ARIA-ABC Joint lightning study 
at Loa AlMoe, coordinated data wen obtained from a 

tl» -resolved apoctrograpb, froo colllaated photoo- 

etere with narrow spectral bandpasses, frca all-sky 

photoneters similar to tbase used In the IASL High 

Altitude Air Flucresoenoe Deteetloa System, and fron 

aat»-an»8 designed to study the blsctroMgnetlc emis- 

sions produced by lightning.   The study was under- 

taken to obtain basic data on the physics of light- 
ning and statistical inforaation on its optical and 
electranrwtlc emlsslcns to improve lightning dis- 

crimination methods In Vela Sierra systems,   fhe re- 

sults of the spectrograpblc and IASL eleetroaagnet- 

ie-pulae studies are discussed and applied to the 

problem of diserlainntlon. 

The literature en the optical spectrum of 

lightning from 1901 to i9601 shows that the spectra 

obtaiasd by different techniques differ significant- 

ly in certain featurea of importance to designers of 

systems intended to detect high altitude air fluo- 
rescence fTom clandestine nuclear tests In space. 

Those Invest inters, including Salanave, who em- 

ployed slitless spectrographs, report a strong con- 

tlzmua throughout the visibl« wavelength range with 

strong line features from neutral and singly ionized 

atone, in sons cases with a wide water-vapor absorp- 

tion baal extending trcm 5900 to 6000 I, and In a 

few (approclaately 3f) cases with weak fe IN nolecu- 

lar-banl emission.    Cn the (Aber hand, those who em- 

ploy eonventicoal slit spectrographs to obtain long 

tine exposures (1 to 2 hours] at night of all the 
light emitted by a liöitnlrsg storm report that mo- 

lecular bands in general, and the HE IB bands in 

particular, are among the most dominant features in 

the visible spectrum.   Since the detection of high 

altitude air fluorescence is based on a narrow op- 

tical bandwidth channel at the 391^ & bsndhead of 

the Kia IN (0,0) transition, it is important to ob- 

tain answers to the following questions:  (1) What is 

the source of molecular-band radiation in a light- 

ning storntf    (2) Is this source capable of trigger- 

ing the all-SKy air fluorescence detection system' 

(3) If this source can trigger the all-sky detection 
system, can the system be modified to decrease the 

false alarm rate during lightning storms? 

There are data in the literature which have a 

bearing on these q-oestions.    In 1903 Fax2 observed, 
fraa slitless s.^ctra, that relative intensities of 

various atomic line features in a lightning channel 

varied as a function of height along the channel. 

Then,   in 19^1, Israel and Wuru,3 using a slitless 
spectrograph, first aade the new confirmed observa- 

tion that the degree of lonlzation and excitation as 

oeasured by the ratio of radiation from singly ion- 

ized atoms to that from neutral atoms is highest 

near the bottom of the lightning channel and de- 

creases toward the cloud.   They also identified the 

Se HI bands whose excitation folloued that of the 

neutral atemB and was therefore a stronger spectral 

feature nearer the clouds. 

Helnel and Salanave4 have studied the possible 

source of Hs emission in lightning star * and 



.   ■■ ■    . .', • 

limited the list of poBslbllltles to the following: 

(1) continuing luminosity In the n*ln channel, 

(2) the presumed ftn of streanrrii within the 
cloud that spread the charge pulse, 

(3) leader proceases, or 

C») corona, vhlch enanates from a large area of 

the earth's surfp.ce, and can produce long duration 

pulses with significant exposure In a time-integra- 
ted spectrum. 

During the sumner study, ve obtained a nusber 

of time-resolveu slltlBDs spectra which were then 

fu3Iy reduced to Rive the incident, tii»-lntegrftted, 

spectral flux (ergs/cm"2 jr1) at the entrance pupil 

of the spectrograih as a function of wavelength; 

these spectra were corrected for atmospheric trans- 

mlnslon.    In a search of the literature no other 

fully reduced spectra of lightning were found. 

This report discusses these spectrographic data 
and the IASL electromagnetic pulse data in an at- 

tempt to answer some of the questions posed here anl 
to extract a few more uunfcers to add to the meager 

supply of quantitative results on the physics of 
lightning. 

II.    SreCTROBCOPlf OF tlOHTKINC 

A.   Apparatus 

The reduced spectra were obtained using the 

N'tGS lens and grating slitless spectrograph9 with 

film-aperture ratio of f/2.8 and dispersion of ap- 

MLUH'mm   HlMOII 

«* OMM 

Fig. Calibration setup for THkOS spectrograph. 

prcoclnetely 90 A/mn.    Figure 1 is a diagram of the 

Nl+GS optics,   A neasured recolutlor of about 6 i was 

realized.   Spectra covered the wavelength interval 

3800 to 7000 L   A horizontal slot at the non»l 

slit plane defined the field of view to either 0.05° 

cr 0.3° vertical by USC horizontal (total angles). 

Tine resolution, attained by film motion perpendicu- 

lar to the direction of dispersion, was either 3 cr 

18 mseo.   The film used was Eastman Kodak 21*75. 

B.   Calibration 

Figure 2 shcvs the setup of the calibration 
source,   nie tungsten ribbon was placed at the focus 

of the aluminum mirror, and the focus was checked 

vith a theodolite.   The image of the ribbon was then 

farmed at the entrance silt by an objective lens and 
centered on the lOO-u-wide vertical silt used for 

calibration.   The shutter open time was metosured by 

placing a phototube inside the spectrograph at the 

plane A-A (Fig. 1) and displaying the signal on an 

CAMEM UNS 

INFINIT,' FOCUS IS AT ENTPUNCE SLIT 

TO 08TAIM LIGHTNING DATA, 
SPECTROOKAPH   WAS OPERATED 
WITH  A   HOAIZONTAL SLIT ;  F0») 
CALIBRATION  THIS SLIT  WAS 
ROTATED  TO THE  VERTICAL 

PLANE MATING 
<00 LINES/mm 

1020(RULED WIDTH) 

OBJECTIVE LENS 
FOCAL LENGTH ■SSmrn 

UJS3T.2A) 

ILM GUARD 

.544 (WIDTH FOCAL PLANE) 

room« FILM 

-FOCAL PLANE 

FOLDING MIRROR 

Optics of the N^GS spectrograph. 

mummm 
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osclUoacope.    Spectra of the tungsten fllanent wer« 

then recorded c^ '^Im for various conihinatlons of 

eallbntad oeutral density filters.   A wavelength 

calibration was obtained by taking sjectra of a mer- 

cury and a neon source.   Sensltooetrlc step vedgej 

wars lapreaeed on the flla which was then developed 

by a Versawt fliia proeesscr. 

UM teuperatare of the tungsten fUanent was 

neasured with a pyronster and determined to be 

2CeU.U0K.   The brightness vs wavelength curve for 

the tungsten laap was determined using W. Gould's 

RAY code. 

A transmission, T-(X), was calculated at lOO-A 

intervals between 3800 and 7200 k for each filter 

caablnatlon.   Tills transmlsslan Is multiplied by the 

brightness, B(X), of the tungst»n lamp and by the 
exposure duration, f, end div'.ded by the product of 

dispersion, D, and the width, W, of the entrance 

silt in the film plane to give the time-integrated 

brightness, INFBfX), of the inage in the entrance 

slit, 
ergs 

ISPB(X)   -   [B(X)*!P(X)'T]/D'W  ■  , 
ea^'A'sr 

for an entrance-slit width correspooding to 1 Jl in 

the flim plane. 

Far the presentation of the data In final form, 

this brightness at the entrance slit is converted to 

flux at the entrance pupil. 

C.   Method of Data Heduction 

nie AensltooBtry was carried out on the Eastmu 

Kodak nicrodensltoBater.   The slit chosen was 25 u 

high (the spectra ranged between 50 and 300 |i in 

height) and 150 ^ wide (equivalent to 13.$ A).   Al- 

though the theoretical resolution of 3 A for the 
spectrograi   would have dictated the use of a slit 

approociaately 30 \1 wide, It was  is^essary to use the 

wider slit to lessen the noise in the densltowter 

tracing, since this noise was due to the grainlness 
of the film.   The densiccneter was calibrated dally 

using a step wedge as a standard. 

The densitoeeter tracings of the spectra were 

digitised and put on IBM cards, and the data reduc- 

tion was carried out by a series of conputer pro- 

grams.   A description of the data reduction of one 

of the spectra is given to illustrate the step« 

takeu.   The spectrum is that of a return stroke of 

flash nunber 103 of run kO (hereafter referred to by 

Count No. fcO.103), which was the stroke on which the 

ptntoelactric systems triggered.   This was the sec- 

,. stroke of a aultistroke cloud-to-ground flash. 

figure 3 is a plot of density vs wavelength for 

the daylight exposure taken milliseconds before 

flash 40.103.   Three separate trsslngs were aada 

milliseconds apart and hand averaged on a light 

table.   The dots In Fig. 3 represent theae averagsd 

daylight background data.   The solid line is the 

data corrected by the step-wedge calibration of the 

üensitooeter. 

The solid line in Fig. fc is the densitonster 

tracing (corrected by step-wedge calibration) of the 
stroke which occurred at the time of the trigger for 

flash 40.103. 

"tie densitooeter tracings are reduced using '■■he 

calibrations described in Section B.   The results 

for the daylight background and the lightning spsc- 

trum are shown in Figs. 5 and 6, respectively.   The 

wavelength seals has also been corrected at this 

point. 

Run 40 
Doyhsht 

Count 103 
Background 

- 

.. 
j 
^ 

*\ A I \J \ \ 

ff „ / \ 

1 / 

-vyW 
i 1 
V ^Vi 

Wavelength (Ä) 

Fig. 3. Density vs wavelength produced by daylight 
background milliseconds before count 103, 
run 40. Zero density equals film fog level. 



Nun 40   Count 103 
T™e ■ Trigger . Cmsec 

. I _          1 

J 
V 

Run 40   Counl 103 
Time   :   Trigger ♦ 0 msec 

Wouelength  {ii 
Wcveienglh   (Ä) 

Fig. k.    Density vs wavelength produced by lightning       Fig. 6.    Lightning apectrum plus Inferred daylight 
strokes plus daylight background.    Zero spectrum with wavelength scale corrected, 
density equal« film fog level. 

Figure 7 ohcws the result of subtracting the 

dnyllght background troa the lightning spectrum. 

Figure 0 is the humid-air transmission under 
Los Alamos weather coalitions.    (Far discusslcn of 

atmospheric transmission see the Appendix.)   Final- 

ly, the spectrum is corrected for humid-air trans- 

mission (see Fig. 11), and the dominant radiating 

ipecles a?« ideutlfled uuing Charlrtte Mocre'a mul- 

tiplet designations6 which are given in Tabl« I. 

Run 40   Count 103 
DoyligM Bockground 

1 

,/ V 
\ j 
/ V 

1 

V-s J 

Run   40    Count     103 
Time     *     Tngger ♦  0  msec 

Wawienglh  (A) 

»ig. 5.    Inferred daylight background spectrun with 
wavelecgth scale corrected. Flgi 

Wovelenglh   {I] 

7.    Spectrum of lightning expressed as bright- 
ness vs wavslength of channel Image at 
«pectrograpi entrance slit. 



T»bl» I.   Multlplrt DMlgwtlcu« 

T*» Smrgy 1 Tara tangy 
Wxmtoy (•V) laboratory toV) 

"TT- Inton 
.IV 

Hultlplrt 
Lo»       F>.                  J                      Ro. 

loaiutlw FaUotM 13.51» «V 

Wawlaogth 
<T) 

NO   (coot.) 

Xoton- 
«Ity    Lav        BKb                J 

lonltatioo Potential 89.* 

Miltlplat 
Ho. 

H 9aV 

6568.817 
W61.532 

Ha 
He 

10.15 
10.15 

12.01» 
12.69 

— aVo^ to 
(1) 1»»D ate 

399*.996 lu 1B.*J 8I.51 1-8 
(12) li}l»0.lt68 Bv 10.15 13.00 __ 5^ etc 

"HOI .737 
3;70.07* 

H6 
Be 

10.15 
10.15 

v.* 
13.86 — 

O'T ate 
r'D ate 

***7.033 It 20.38 83.10 1 - 8 
(15) 

NX lonlMtloo PotentWl llt.*9 eV 5005.1*0 10 80.58 83.0* 3 -* SiA)-»»?0 

5001.I169 8 80.56 83.03 8-3 (19) kSSi.Ch 5 10^ 13.81 8-1/Sä - 2-1/8 3a*p-l»^I» 5001.128 7 20.56 83.08 1-8 
WSOOS * 10^9 15.21 8-1/S - 1-1Ä <5) 5085.665 6 20.58 83.03 3-3 llS2k.lk * 10^9 13.21 1-1/2 -     1/fe 5016.38/ J 20.56 23.08 8-8 
lOA.Ti 5 10Ä9 13-21 1-1* - 8-1/2 50*0.76 0 20.58 23.08 3 - " 
"»215.96 8 10.86 13.21 1/S - 1-1/5 ' 07.3L5 7 20.85 83 31 1-8 Sp's-M'p0 

<»J51.W 12 10.29 13.86 8-1/2 - 1-1/fe 3»*P-l»p*80 *99*.358 6 20.85 83.38 1-1 (8*) 
UlUsAZ 10^9 13^6 1-1/« - 1-1/fe (6) *987.377 * 20.85 83.38 1-0 
IHJ7.63 7 10.28 13^6 1/2 - l-l/iS 
iiw.ge 12 10^1. 13.65 1-1/2 - 2.1/fe y'r-tf »D0 

59*1.67 
5931.79 

8 
7 

21.07 
21.06 

83.15 
83.1* 

8 -3 
1-8 

3p'P-MsD0 

(88) 
I1099.9* 9 10.63 13.61» 1/fe - 1-1/5 :io) 5987.82 * 81.06 23.1* 0     1 iniu.oo 6 10.61» 13 J» 1-1/2 - 1-1/2 5952.39 3 81.07 83.1* 8 - 2 
600fiA8 10 11.5i .•3^)1 1/2 - i-i/i» 3P^0-J»<iap 59*0.85 2 81.06 83.1* 1 • 1 
5999*1 6 U.55 13.61 1/*-     & (J6) 

5960.93 0 21.17 P'.l* 8-1 

MA.96 9 U.71 13.57 3-1/! - 2-1/2 3P4D0-5«*P *827.7*9 3n 21.51 8*.*3 8-1 Sp^^P0 

6653JH 5 11.71 13.56 2-i/a - 1-1/2 (20) (53) 
6656 J51 1 11.70 13.56 1.-1/2 -     1/2 6167.82 * 23.0* 2f..0l» * -3 MV-klft) 
6688.53 3 U.71 13.57 8-1/2 - 2-1/2 6173 .*o 3 23.03 85.03 3 -8 (56) 
6657.01 * 11.70 13.56 1-1/2 - 1.1/2 6170.16 1 23 .OE 85.03 8-1 
66*6 .$8 2 U.70 13.5« 1/S-     1/2 6136.9 0 23.03 25.0* 5 - 3 
6*82.7:» 
6l»8l»,8a 

9 
9 

11.71 
11.71 

13.62 
13.61 

3-1/2 - V-l/2 
8-1/S - 3-1/& (21) 

6150.9 
6U*.6 

0 
0 

23.08 
25.08 

25.03 
25.03 

8-8 
8 -3 

61.85.71 3 11.70 13.61 1-1/? - 8-1/2 *0*1.321 5n 83.0* 26.10 * -5 MVUrt 
6M1.73 2 11.70 13.60 1/6 - 1-1/2 *0*^.537 3n 83.03 26.06 3 -* (39) 
6^M 0 11.71 13.61 3-1/Ö - 3-1^ *OJ5.067 *a 23.08 86.08 8 -3 
6*99.52 3 11.71 13.61 2-. /2 - 2-1^ 4OS7.00 1 23.0* 26.06 * - * 
6*91^8 3 11.70 13.60 1-1/2 - 1-1/2 *0**.75 1 23.03 86.06 3 - 3 

6783.12 9 11.79 13.63 2-1/2 - 8.1/& 3p4PD-lid*P **32.739 6n 23.31 26.10 8 -3 M'fUrt» 
5735.W 6 11.79 13.62 1/2-     1/2 (51) ***1.99 3n 23.38 26.10 1 - 8 (55) 
6706^0 * 11.79 13.63 1-1/2 - 8-1/2 M.33.*8 2n 23.38 26.11 0 - 1 
67*1^9 3 11 79 13.62 1-1/2 -     l/S **51.a2 

**27.97 
0 
2 

23.31 
23.32 

86.10 
86.11 

8-8 
1-1 

01 lonlMtlm Pttentlax 13.56 e\l r *69*.55 3n 23.* 7 86.10 1-8 jaij*. Lrt, 

6158.19 
6156.78 

18 
17 

10.69 
10.69 

12.70 
12.70 

3 - 
2 - 

J'p-W 
(10) 

*677.93 3n 25 .*7 26.11 1 - 2 
(61) 

(68) 
6155.99 16 10.69 12.70 1 - 

5012.026 2 (25.3^ 27.6*) 3 - 3 Sa'P^pSp» 
NO loniutloo Potential 29.1»9 e\ r 5005.1*0 10 (25-37 27.8*) 2-2 (6*) 

*99r.23 0 (25.37 27.8*) 1 - 1 
567^56 10 .^.to 20.58 8 - 3 i^lP-i^D 5083.11 2 (25.38 Z7.8*) 3 - 2 
5666^» 8 13.39 20.^ 1 - 2 (3) 5011.2* 1 (25-37 27.8*) 2 - 1 
5676.08 6 iH.^a 20.56 0-1 *99*.358 6 f25.37 27.6-») 2     ^ 
5710.76 V 1P.W 20.56 2 - 2 *991.22 2 (25.37 27.6*) 1 -8 
5686 U:l 6 18.39 M.56 1 - 1 *713.*3 2 (27.61 30.23) * - * 5lft>0-M9D 
i 00.67 i9,l»0 20.56 2-1 *709.*5 1 (27.61 30.23) 3 - 3 (68) 
50I.5.OS6 0 18.U0 80.85 8 - 1 iW-ifs *70eö7 0 (27.60 50.22) 8-8 
5010.620 ö 18.39 80.35 1-1 (*) *721.59 0 (27.61 J0.23) * - 3 
500! ,698 2 18.38 20.85 0 - 1 *a2.15 

*70*.}3 
0 
0 

(27.61 
(27.60 

50.22) 
30.22) 

3 -8 
8 - 1 

lt630.537 10 ia.i»o 21.07 2-2 S^P^-Sp'P *698.fi2 0 (27.60 30.28) 1 - 0 
11613.868 6 18.39 21.06 1 - 1 (5) *706.*} 0 (27.61 30.2}) 5 -* 
«ÄS .006 8 18.U0 21.06 2-1 * 700.12 0 (27.60 30.25) 8 -3 
11621.398 7 18.39 21.06 1 - 0 *695.91 1 (27.60 30.22; 1-2 
'■601.U78 3 18.3) .r .07 1 - 2 
1*507.153 7 ie.;' 21.n6 0 - 1 



Run  40   Count IC3 
Time - Trigger ♦ 0 msec 

 1 I I ' 1 ,  
Woveleiglh  (i) 

Fig. 8.    Huald-«lr transmission for 7-km observa- 
tion path under Los Alamos weather condi- 
tions. 

D.    Results 

The results are presented here In the farm of 

fully reduced spectra whose strongest and mos.t re- 

producible  (from stroke to stroke) features are 

Identified.   These spectra are presented In Figs. 9 

through 25 as plots of wavelength vs tirf-integrated 

flux at the entrance pupil of the spectrugrapb. 

Each is identified by a run and count nucber.    The 

tine given is that at which the spectrum was ob- 

tained measured relative to the trigger provided by 
the colllnBted photoelectric Kn channel*.   The rec- 

ords of the Los Alamos weather station w;re used to 

calculate the atmospheric selective transmission as 

described in the Appendix.   The range of the stroke 

was measured by photographic triangulatlon.7   The 

spectral flux is Integrated over wavelength from 

39OO to 69OO A, and after rain transmission correc- 
tion this result Is used to calculate the efficiency 

of conversion ot electrical energy to visible radia- 

tion in the channel. 

It must be pointed cot that the t'me-Integrated 
flux is that originating from a length of channel 

whose vertical component is I.   The vertical length 

of the channel over which the spectrum is spatially 

integrated is dependent on range and is given by 

I ■ 0.9 R raeters, where R is the range in kilometers. 

Spectra were obtained for first return strokes, 

subsequent return strokes, and continuing luminosi- 
ties. 

E.    Discussion of Results 

In the dat« reduction the most difficult prob- 

lem was to prove that the continurau, inferred froai 

the slltless spectra, was indeed true continuum and 

not scattered light.8   This problem was solved dur- 

ing the sunnier of 1966 by operating the same spec- 

trograph as a tint-rescOving silt instrument.    On 
the whole, the slit and slltless spectra show fea- 

tures similar to those described above.   While the 

results of the silt spectra are still preliminary, 

I can make the following statements regarding the 
two types of spectra: 

(1) Neither the time-re solved sj.ltle'js spec- 

tra nor the time-resolved sll^    p^ctra uhoi a band- 

head at 3911* L 

(2) For the slltless spectra, the image of 

the lightniiig chancel at the entrance aperture nay. 

Indeed, be regarded as the entr'ace silt; I.e. the 

spectra presented here are free from errors due to 

light scattered from polnta at large angular dis- 

tances froo the channel.    This conclusion is drawn 

from the structural similarity of ccntinua of the 

silt and slltless spectra ij those intervals 

(3Ö00 to li-OOO I, 4800 to 5200 A, ant 6800 to 7000 I) 

in which the spectrograph-film sensitivity Is chang- 

ing quickly as a function of wavelength. 

(3) Ltnewidths for the slit spectra are nar- 
rower than those for the slltless spectra.   This 

say be due to light scattered, reflected, or emit- 

ted close to the channel or to light scattered at 
snail angles near the propagation path to the de- 

tector.   However, such scattering is not sufficient 
at larpe distances from the channel to contradict 

conclusion (2), and limits the interpretation of the 
slltless spectra only insofar as It prevents the in- 

ference of linewidths from them. 

The slltless -pectr» nay be classified as; 

(1) first return strokes,  (2) subsequent return 

strokes, and (3) continuing luminosities, each with 

different spectral characteristics.   The descrip- 

tions of each follcw. 

I 
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3500 

Run 40   Count 87 
Time - Trigger + 80 msec 

uooo •»joo 5000 S500 

WAVELENGTH   (A) 

600 6500 7000 

Fig. 9.   Spectrum (taken at twilight) of first return stroke.   Electrical energy depoelted « 5.3 x 10s 

Joule/iiBt«r.   Ralnftll transmission « 8.7 x 10"3.    Visible energy radiated - 2.0 t 103 Joule/neter, 
corrected for ralnfRll transmission.   Range « 10 km. ;   I 
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Uor 

Run 40   Count  103 
Time = Trigger -50 msec 

5CÜ0 5500 

WAVELENGTH   (A) 
6ooo 6500 7000 

:    ! 

Fig. 10.    Spectrum (taken at twl!" ht) of first return stroke.    Electrical energy deposited Is unknoun. 
Rain tracsmlsslon = 3.6 x 10"2.    Visible energy radiated = 7.7 x 102 Joule/Beter, corrected for 
rainfall transmission.    Range » 7 km. 
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3500 

Run 40    Court 103 
Time = Trigger + 0 msec 

Uooo U500 5000 5500 6000 6500 7000 

WAVELENGTH    (A) 

Fig. 11.   Spectrum (taken at twilight) of subsequent x«turn stroke.   Electrical energy deposited Is untncwn. 
Rain transmission • 3.6 x lO-2.   Visible enerff  radiated = 5.6 x 10s Joule/meter, corrected fcr 
rainfall transmission.   Range « 7 to. 
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Run 40   Count 103 
Time = Trigger + 31 msec 

14500 5000 5500 6500 T000 

WAVELENGTH    (A) 

Fig. 12.    Rpectrura (taken at twilight) of subsequent return stroke.    Electrical energy deposited Is unknawn. 
Rain transmission = J.6 x lO"2.    Visible energy radiated ■ '^.2 x 101 JouLe/neter, corrected for 
rainfall transmission.    Range "  ! km. 
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5500 

Run 40   Count  103 
Time = Trigger + 49 msec 

U 000 U500 5000 5500 6000 6500 7000 

WAVELENGTH   (A) 

Fig. 1?.   Spectnan (taken at tvlllghv/ of subsequent return stroke.   Electrical energy deposited •'».Ox 10* 
JoulB/neter.   Rain transnisslon ■ 3.6 x lO-2.   Visible energy radiated - b.2 X 10^ Joulp/meter, 
corrected for rainfall transmission.   Range - 7 km. 
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5500 

Run 40   Count   IC3 
Time = Trigger + 191 msec 

14000 U500 5000 5500 6000 

WAVELENGTH   (A) 

6500 7000 

Fig- !'+•    Spectrum (taken at twilight) of subsequent return stroke.    Electrical energy deposited ■ 9.0 x 10* 
.louie/nEter.   Rain transmisslcn « 5.6 x 10"s,    Visible energy radiated «« 5.7 x lO8 Joute/flBter, 
corrcoted for rainfall transmission.    Range «  ? km. 
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3500 

Run 40   Count 127 
Time = Trigger +74 msec 

kOOO 1»500 5000 5500 6ooo 6500 

WAVELENGTH   (A) 

TOOO 

Pig. 15.   SpBCtrum (taken at twilight) of first return stroke.   Electrical energy deposited « }.2 x 10* 
.loule/neter.   Rain transmission » 5-3 x 10"2.   Visible energy radiated ■ 2.5 x 10^ JouXe/neter, 
corrected tor rainfall transmission.    Range « 7.2 km. 
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Run 40   Count 171 
Time = Trigger + 59 msec 

5500 1»000 U500 5000 5500 6000 6500 7000 

WAVELENGTH   (A) 

Flg. Iß.    Spectrum (taken at twlliffht) of first return stroke.    Electrical energy deposited • 2.1 x 10* 
.loule/neter.   Rain transmission » 1.1 x i.0"1.   Visible energy radiated « 2.5 x 10s .loule/neter, 
corrected far rain transmisslDn.    Range « 4.0 km. 
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5500 

Run 40   Count 171 
Time = Trigger + 71 msec 

Uooo 1»500 5000 5500 6000 6500 7000 

WAVELENGTH   (A) 

Fig« 17.    Spectrum (taken at twilight) of subsequent return stroke which results in a continuing luminosity. 
Electrical energy deposited 1E unknown.   Rain transmission « 1.1 x 10"1.    Visible energy radiated 
■ 9.8 joü.'Ve/mBter, corrected for rain transmission.    Range = 4,0 tan. 
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5500 

Run 40   Count 171 
Time = Trigger + 77 msec 

1*000 U500 5000 5500 6000 6500 

WAVELENGTH    (A) 

7000 

i 

I 
I i 

Fig. 18.    Spectrum (taken at twilight) of continuing luminosity.    Electrical ei«rgy deposited Is unknova. 
Rain transmission « 1.1 x 10"1.    Vloible energy radiated •« 7.9 Joule/iiBter, corrected for rain 
transmission.    Range = h.O km. 
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3500 

Run 40   Count 171 
Time = Trigger + 83 msec 

Uooo l»500 5000 5500 6000 6500 7000 

WAVELENGTH (A) 

Fig. 19. rpectrum (taken at twilight) of a continuing luminosity. Elestrlcal energy deposited )i unknown. 
Rain transmissiOii - 1.1 K 10"1. Visible energy radiated « U.} .loule/meter, corrected for rain 
transmission. Range = '».0 km. 
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5500 

Run 40   Count 171 
Time = Trigger + 89 msec 

uooo l»50C 5000 5500 6000 

WAVELENGTH   (A) 

6500 7000 

Fig. 20.    Spectrum (taken at twilight) of a continuing luminosity.    Electrical energy deposition is unknown. 
Rain transmission « 1.1 x 10"1,    Visible energy radiated « I*.5   loule/meter, correeted for rain 
transmission.   Range * 't.O km. 
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Run 40   Count 186 
Time = Trigger + 152 msec 

3500 Uooo U500 5000 5500 6000 6500 7000 

WAVELENGTH   (A) 

Fig. 21,    Siwctrum (taken at twilight) of first return »trolce.   Electrical energy depoolted « 2.2 x 104 

Joulc/neter.   Rain transmission - 1.5 x 10'1.   Visible energy radiated » 5.9 « 101 ,1oule/meter, 
carreited far rain transmission.   R&nge « U.6 km. 
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Run 40   Count  186 
Time = Trigger + 158 msec 

7000 

WAVELENGTH   (A) 

Fig. 22,    Spectrum (taken at night) of continuing luminosity. Electrical energy deposition Is urknoun. 
Rain transmission • 1.5 X 10"1. Visible energy radiated « 1.9 X 101 .loule/meter, corrected for 
rain transmission. Range * k.f,  km. 
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Run 44 Count 195    Height» H + Ometers 
Time - Trigger + 75msec 
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5500 Uooo 1»500 5000 5500 6000 6500 7C00 

WAVELENGTH (A) 

Pig. 23.    Spectrun (taken at night) of probable first return stroke.    Electrical energy deposited and rain 
transmission are unknown.    Spectrum corresponds to an element of the channel at fiducial altitude 
H.    Vlsil-le energy radiated ■ 1.9 x 101 Jen le/meter, not corrected for rain transmission.    Range 
■ 12 km.    CD the basis of distribution as a function of range of absolute irradlances, ar oeasured 
by collinated photometers, the rain extinction coefficient is estina »d to be 0.15 km"1.    Thus, 
estimated rain transmission for this count is ~ 1.7 x lO"1. 
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Run 44   Count  195   Height - H + !9 meters 
Time = Trigger + 75 msec 

5500 It 000 l»500 5000 5500 6000 6500 7000 

WAVELENGTH   (A) 

Fig. 2k.    Spectrum (taken at night) of probable first return stroke.    Electrical energy deposited and rain 
transmission are unknown.    Spectrum corresponds to an element of the channel at altitude H + 19 
meters.    Visible energy radiated = 1.2 x 101 .loule/raBter, not corrected for rain transmission. 
Range » 12 km.    Estimated rain transmission ~ 1.7 x 10"1  (refer to Fig. 23 caption). 
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Run 44   Count 195    Height = H+40 meters 
Time = Trigger +75 msec 

o »■ 

5500 uooo U 500 5000 5500 6000 6500 TOOO 

WAVELENGTH    (A) 

Pig. 25.    Spectrum (taken at night; of probable first return stroke.    Electrical energy deposited and rain 
transmission are unknown.    Spectrum corresponds to an element of the channel at altitude H + '«O 
meters.   Visible energy radiated = 1.1 x IG1 Joule/meter, not corrected for rain transmission. 
Range « 12 km.    Estlmted rain transmission Is ~ 1.7 x 10"1 (refer to Fig. <JJ caption). 
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1. First return Btrcte» - The strong line fea- 

tures ar« attributable to the species NI, Nil, 01, 

HI, and there are no moltcular banlheads.    If the 

spectrum were vleved by a 20- to JO-JUbandwldth de- 

tector, the strongest feature, on the average, would 

be the blend of four Nil nultlplets at 5000 L    (A 

feature such as Nil  (12) at 3995 A may have a higher 

peak, as seen by the spectrograph, but It Is much 

narrower.)   There Is also a hl{h density of weaker 

multlplets between U000 and U250 A, and an Ha fea- 

ture appears which, on the average. Is moderately 

strong.    Using the ratio uf Nil to NI radiation as a 

measure, the degree of ionlzatlon is higher in fl-'Bt 

return strokes than in either subsequent return 

strokes or continuing luminosities.   The best estl- 

raote of a stralght-llns fit tu the continuum shows 

that the ratio of tne continuum at 3900 k to that at 
6900 i is ~ 2. 

2. Subsequent return strokes - Strong lloe 
features are attributable to the species NI, Nil, 

01, and HI, and there are no molecular baodheads. 

If the spectrum is viewed by a 20- to 30-)l band- 

width detector, the strongest feature is. In every 

case. Ha at 6563 i.   The next -■'■'•ongest is Nil at 

5000 A, but it Is not, on the average, much stronger 

than a few of the multlplets which nske up a blend 

of features between 't-OOO and 'tSSO I«   The degree of 

ionlzatlon Is lower than in first return strokes and 
higher than In continuing luminosities.   "Rus best 

estloate of a straight-line fit to the continuum 
shows that the ratio of the continuum at 3900 k to 

that at 69OO A is ~ 1.6. 

3. Continuing luminosities - The asjor line 

featuras are attributable to NI, 01, a»id HI, with 

very weak Nil.   The strongest line feature In every 

case is Ha.   The degree of Ionlzatlon is lower than 
for return strokes.   The best estlmte of a straight- 

liras fit to the continuum gives a ratio of continuum 
at 3900 Jl to that, at 69OO Jl of ~ 1.   There is a very 

much stronger, very broad blend of features between 
38OO a«! 3900 JL   Upcn rechecking original calibra- 

tions, reducing additional calibration data, and 
checking the nagnltude of possible errors Incurred 

in subtraction of daylight background, I must con- 

clude that this blend of features is definitely 

real.    In addition, the spectre of continuing lumi- 

nosities are in qualitative agreement with those of 

SalMttve.    In Salanave's spectra, lines and bands 

are smeared in wavelength due to his method of re- 

cording, but he was able to conclude that "the con- 

tinuing luminosity seems definitely strongest In 

that part of the spectrum ftvored by the CN and Na 

bands, and Ka«"9   The spectra presented here seem to 

show that continuing luminosities are not e major 

source of Na Ul «aen ^y long exposure silt spectro- 

graphs. 

As mentioned above, the calibrations are being 

reworked using additional data which should yield 

the best possible reduction.    Preliminary results 

indicate an overall change In the spectra, such 

that the flux will be 20 to 30$ higher in the blue, 

5 to 15^ higher in the green, and 0 to lO^t lewer in 

the red. 

F.   Diacrimlnatlon 

While the lightning spectra are not a large 

statistical sample, they do give complete wavelength 

coverage between 3900 and 69OC k, and are therefor« 

useful in determining whether or not there nay be 
other or better discrimination channels than either 

klSO10 or 6563 L 

The merit of a discrimination channel must be 
based on the follovl^g paraneters;    (1) its spectral 

width and Its average signal relative to that of the 
39l'«-& detection channel,  (2) the sensitivity of the 

photodetsctor at the wavelength of the discrimina- 

tion channel relative to that at 391i* k, (3) atmos- 
pheric transmission at the wavelengths for detection 

and discrimination, and (4) the field of view and 

related considerations of tu? path by which light 

propagates Into the detector, which can cause 

changes in the relative spectrum detected. 

A quantitative discussion of these peraneterb 

for a discrimination channel will be presented In 

Volume k.   However, it is worth pointing out that a 
20-JUwlde discrimination channel centered on a 
blend of Nil multlplets near 5000 A may be as good 

or better a discriminant, under a variety of storm 

and background light conditions, than one at either 

1*150 or 6563 I. 

It seems vortbwhlle to Investigate the possi- 

bility of using a narrcw band, 5000-1 channel.   To- 

ward this end the large statistical sample of 

I ! 
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TabLe H.    Field Ct.    3ft Calculations 
Strom TW Ant«no« Charge Charge 

«ft«r Scop* plus Pretnp Field Chano», Center Transferred, 
Count Trigger Sign»!* Sensitivity OB Hslght Range tA 

Mo. (-•«) (V) — (v-1) (V/») (1-) (km) (C) 

40.61 
180 0.106 ± 29Ü 2.5 X 1Ö3 260 ± 29* 1.4 ± 20* U.8 2 ±   60* 
255 0.U8 ± 22* 340 ± 22* 3 ±   40* 
298 0.131 ± 25* 330 * 23* 3 t   40* 

40.87 
0.15   * 20* 2.5 X 103 370 ± 20* 1.2 ± 20* 10.0 17 ±   40* 

'S 0.15   ± 20* 370 ± 20* 17 *   40* 
145 0.076 t 40* 190 ± 40* 9 ±   60* 
206 0.073 ± 40* 180 ± 40* 3 1   60* 
874 0.050 t 62* 130 ± 62* 6 i   80* 

40.103 
0.J3   ± 50* 2.5 x 103 QJO t 50* 1.9 ± 20*»» r* 9 t   70* 

49 0.30   ± 10* 750 ± 50* e± 30* 
150 0.038 ± 100* 95 ± 100* 1 ± 100* 
188 0.42   t 3* 1050 ± 8* 12 ±   30* 

40.127 
16 0.086 1 35* 2.5 x 103 220 ± 35* 1.6 ± 20* 7.1 3 ±   60* 
30 0.12   ± 26* 300 ± 26* 4 ±   50* 
74 0.19   ± 21* 480 ± 21* 6 ±   4CV. 

147 0.053 t 56* 150 t 56* 2 ±   80* 
40.171 

55 0.110 ± 28* 2.5 x 10* 27C   -t 28* 2.3 ± 20* 4.1 7 ±   50* 
40.186 

150 0.065 ± 47* 2.5 x 10* 1600 ± 47* 1.9 i 20* 4.7 6 ±   70* 

*Tbe etrcr carresyoods to the halfwldth of the oscilloscope bean except for thotie signals occurring at t0. 
If the signal occurred at to« the field strength before the stroke was unknevn and the field change was 
•stlMtad by comparing the Ha signal with other strokes of the sane flnsh.   The error in this case Is the 
estioated error. 

**No ranging pictures vere available. After a check of available ranging data for other counts, a range uf 
7 In vas assuMd. A plot of channel length vs range fron ranging picture data furthermore Indlcatos that 
the vertical conpoosnt of a channel at 7 kn is 1.6 km.    Later data on thunder indicates a range of ~ 6 km. 

broadband (~ 200-1) data for a channel which In- 

cludes 5000 X, taken by EMG-operated all-sky pho- 

tometers,11 and the slit spectra obtained during the 

suaser of 1966 will be used In the dlscrinlnation 

and false alam analysis of Volume 4. 

III.    CAICUIATIcn raCM EISCTR1C FJEW AmSNHA DATA 

CT THE CHARGE TRAH3FERRED TO CffiCUND ET LKXTNUC 

During the 1965 ARPA-AEC  Joint lightning study, 

IASL operated three electric field antennas.7   Two 

of these antenMs gave data on the change in the 
vertical component of the quasl-dc electric field 

caused by a lightning flash.   Knowing the range and 
the channel length from ranging pictures and having 

anasured the electric field change, it was then pos- 

sible, on the basis of a dipols model, to calculate 

the charge transferred to the ground.   The dipole is 

farmed by a negrtlv« charge center near the bottom 

of the cloud and its isage charge in the ground.    It 

is the destruction of this dipols during a lightning 
stroke which produces the measured field change. 

The charge transferred, tA, is then given by the 

foUwlng expressioD which is equivalent to that 

given by Malan.1* 

tA   -   2^60 
sin arctan w bi. 

-   5.55 x 10-5 X 
h'+R8 

sin arctan 1? 
X AE 

where h is the height of the charge center above 
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ground in kilometers, R Is the distance trcn the 

stroke to the antenna In kllowters, AE Is the ver- 

tical field change In volts per mster, and tA is in 

coulombs.   The value of h was obtained by acasurtng 

the vertical component of the length of the visible 

channel between ground and the cloud and assuming 

that the charge center was 20$ higher. Inside the 

cloud. 

The "slew antenna"13 was built by I*rx Brock of 

the New Mexico Institute of Mining and Technology, 

and lent to IASL for the litfitnlng study.    Its sig- 

nals were recorded both on an oscilloscope, giving 

field changes for the vnrlous strokes In a flash, 

and on paper chart, giving the total field change 

for a flash.   The A2 antenna was a wire suspended 

about a meter above the ground which was kept at 

the sane potential as the surrounding air by means 

of a radioactive source hung near its ceuter, as 

described by Schonland.14   The signal fVom this an- 

tenna was recorded on paper chart only and gave to- 

tal field change for a flash. 

Table II contains the results of the calcula- 

tion for field changes measured from the "slow an- 

tenna" scope records. 

The total field changes and total charge trans- 

ferred in a flash are shown in Table III. 

Table III.   T&ol Field Change and 
Charge Transferred During Flash 

A2 Antenna 
Chart Data 

Slow Antenna 
Chart Data 

Slow Antenna 
Scope Data 

Count 
No. 

AE 
(V/m) 

(A AE 
(v/a) 

A<i 
(V/m) 

AQ m 
1+C.51 1400 13 1400 13 930 8 
ko.dj 1700 80 1420 67 1120 57 
40.103 U500 50 5500 36 2730 30 

U0.127 5600 47 2500 33 1130 15 
U0.171 6000 16 I85O 5 2700 V 
ito.186 1700 7 5840 15 1600 6 

Average 36 28 21 

On the basis of the estinted errors trim Table 

II, an? tbo scatter in tue results in Tab!« Ill, the 

uncertainty in the calculation of the charge trans- 

ferred nay be ubout a Actor of two. 

The average charge trans flerred per stroke for 

18 strokes given in Table II is 7 couloibs/stroke. 

This agrees with the value    of 5 coulcnibs quoted by 

MalAn12 as the average charge dissipated to ground 

by the first stroke of a lightning flash.    M»lAn 

also gives 20 coulombs a« the average charge trans- 

ferred to ground per flash, which is In good agree- 

ment with the 28-coulaab awrags for six flashes 

given in Table III. 

The value of charge transferred in a given re- 

turn stroke is used in the next section to calculate 

the energy deposited in the channel. 

IV.    EFFU'IBKCY OF COHVERSIOB CF EIECTR1CAI, EHERCT 

XNTO VISIBI£ RADIATION IM A LtCKTNI!« CHANMEL 

For the spectra presented in Section II D, the 

energy radiated in the visible wavelength Interval 

3900 l * X s 69OO Jl per meter of vertical eooiponent 

of the channel has been calculated.    Each plot of 

the time-Integrated spectral irradlance  (joules/co2 A) 

vs wavelength at the spuctrograpti' s entrance pupil 

was integrated over the wavelength rar-ge throughout 

which the spectrograph calibrations were known ac- 

curately.   The wavelength- and time-integrated ir- 

radlance, H, thus calculated was used with the 

range, R. and channel height, h, measured by photo- 

graphic triangulatlon,7 to calculate the energy per 

meter radiated by the channel; 

w   «   4nRzH h"1 JouXes/meter    . 

Table IV contains the results of the energy 

calculations.   Corrections have been node for at- 

mospheric selective tnnsmlssloo.    No correction for 

extinction by rain between source and detector has 

been Included.   Using the results of charge-transfer 

calculations nede for these strokes, and range and 

height information fro« the triangulatlon photo- 

graphs, the energy deposited per meter has been 

calculated. 

The potential, V, of an elemental charge, q, 

relative to a conducting plane at a distance, h,, is 

1       1 
V —    . 

4TT€O   2*» 

The energy, W, requii-ed to assemble a charge, 3, at 

!     ! 

I     i 

f    I 
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Count 
Mo. 

40.103 

40.127 
U0.171 

ko.iäs 

W».195 

itol» IV.   CalculAtloa of Vliibl» ksergy 
Strak* 
CiM 
»fUr 

TrlMsr 
jasssl 

Altltute 
Ungtb of        of VlBlblA 
Ovunil       Chamwl Energy 

Ruet   Eleamt**     ElBMnt JoulB» 
JjE?i   (—^r»)      (metKra) mtmr 

-50 
0 

31 
l»9 

191 

74 

59 
71# 

77» 
fl5» 
89» 

152 
158» 

75 

10,0 

7.0 

7.2 
4.0 

4.6 

12.0 

U 

7.8 

8.0 

4.4 

5.1 

13.3 jj»«* 

K + 19 
H + 40 

17.4 

27.6 
20.3 

1.53 
15.2 
20.6 

7.5 
24.8 

1.08 
0.87 
0.47 
0.49 

8.?5 
2.77 

19.0 
11.7 
10.6 

•in ttm CAM of count 40.186, the atroke «t 152 
■Me resulted In • tlne-streakad speetrun due to 
a eootiauDualjr luolnous channel; thus, while 
there VM no "«träte" 15C msec after the trlager, 
this auriser Inllcat«* the center of the tine in- 
terval over which the flux was tine Integrated. 
A elallar altuetloo exists for count 40.171 et 
tlaee 71, 77« 83, and 99 msec after the trigger. 

"The pert of the channel Inegad within the densl- 
torater slit, i.e., the vertical length of chan- 
nel over which the spectrum energy was integrated. 

•**In the case of count 44.195 the spectrum was high 
enough to permit three different densitooeter 
scans. 

a distance, h, firon the ground Is then 

f Vdq    •        f   — dq    -       — 
" !■     - •       Ok '■    - lik *I|C 2h 4iTeo   4h 

Assuming that this energy Is dissipated In a light- 

ning channel by the transfer of charge to ground, 

the energy deposited per meoer Is 

1        <J2 

    —   -   2.25 X 109 

4TrCo   4ha 

Q(coul) 

. h(meter) 

"|a Joule 

J     rafter 

Using these values of deposited energy and measured 

values of visible energy radiated, the efficiency, 

c, for converslcm of electrical energy to visible 

radiation can be calculated.   However, the values of 

visible energy given in Table IV mist first be cor- 

rected fur transmission through rain. 

Transmisslcn through rain Is discussed In the 

Appendix.   To determine the rain extinction coeffi- 

cient, it was first assumed that It was raining all 

along the path to the stroke at a rate of 10 ran/hour 
which corresponds to a typical Los Alamos rainfall. 

This rate corresponds to an extinction coefficient 
of ~ 0.86 km-1.   Assuming values ranging fron 0.0 

through 2.0 for the extinction coefficient. It was 
possible to calculate in efficiency for sevjn 

strokes.   The largest errors In the efficiencies 

are due to uncertainties in the rain transmission 

correction.   These uncertainties are smallest for 

the closest strokes and proportional to the rain 

transmission correction.   Therefore, a weighted 

average of the efficiency la taken in which the rain 

transmission, T , Is the weighting factor.   The 

weighted average is then 

IxT r e   ■    . 
ET r 

For each value of extlnctlcn <.   .fficient assumed, an 

average deviation was calculated, and the plot of 

mean deviation vs extinction coefficient is shown In 
Fig. 26.    It Is seen that there Is a minimum mean 

deviation for an extinction coefficient of 0.475 

km'1.   This figure was selected as the best estl- 

nat« of the rain extinction coefficient and corre- 

sponds to an average rainfall of approximately 5 nm/ 

hour. 

The results of the various calculations are 

listed in Table V. 

In aunnary, the visible energy radiated  (3900 

to 69OO k) per unit of Length of lightning channel 

has beer, calculated using time- and wave length-inte- 
grated spectrographlc data of the 1965 lightning 

study.   An estiiBted raln-transmlsnlon correction 

was used.   The total energy deposition was calcula- 

ted, assuming a dlpole model of a lightning stroke 

and using measured values of charge transferred and 

channel length.   The efficiency for conversion of 

electrical energy to visible radiation Is found to 

be 0.007 i 36^. 
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Count 
Wo. 

8? 

105 

103 

105 

127 

171 
166 

Streu» Tine 
after Trlggsp 

(msec) 

87 
0 

49 

191 

7U 

59 

152 

Range 

10.0 

7.0 

7.0 

7.0 

7.2 
I* .6 

l».0 

Table V.    C&lculAtlon of Efficiency 

Vialble 
Enerw* 

(,1ouleB/m»tef) 

2.0 X 10J 

5.6 x 1J^ 

1».2 x iO' 

5.7 x lO2 

2.5 •< 108 

2.2 x 10^ 

5.r x 101 

Rain 
Tranamlaelco 

8.7 x 10-" 

3.6 x 10-« 

3.6 x 10-« 

3.6 x 10-* 

3.5 x 10-8 

1.1 x 10-x 

1.5 x 10-1 

Energy 
Deposited 

Moulee/iBBter) 

5.5 « 105 

5.1 « 10* 

U.O x 10* 

9.0 x 10* 

5.2 x 10* 

2.1 x 10* 

2.2 X 10* 

Efficiency 
_JL1  
6.1 x lO-3 

1.1 x 10'-* 

1.1 x 10"a 

6.4 x 10-3 

7.5 x 10-3 

1.1 x 10-8 

2.6 x 10-3 

Extinction Coefficient Due to Rilnfftll   -   0.475 km-1. 

Weighted Average Efficiency   -   0.007 1 56^. 

•Corrected for  (1) humid-air transmission and  (2) eetlastel rainfall transmission. 

APIS ND EC 

Fig. 26. 

0.J 
Ml. miMtla CM 

Plot of mean deviation of efficiency v« 
rain extinction coefficient.   The best 
estlsste of rain extinction coefficient 
for run 40 vas chosen is that which mini- 
mized the mean deviation. 

AWICBPHERIC TRANSMISSION 

1.   The transmlssloo of dry air is given by 

R P     273 

i    ! 

exp [- A. 00  B 8.01   760     T   . 

where u    (X) Is the wavelength-dependent extinction 

coefficient for molecular scattering, given by Al- 

len;15 R Is the range of the lightning stroke In 

kllooeters; F Is the partial pressure of air In 

Terr; and T Is the teapenture In degrees K. 

2.   The transmission of water vapor Is given by 

Twv   "   «P     " 28*86 »yr, M ^••1') R *     ' 

where u      (X) Is the wuvelength-depenient extinction 

coefficient for water vapor, given by Allen;15 R.H. 

is the relative humidity expresseA as a deciml 
fraction; R is the range of the .stroke in kiloneters; 

and E is the satu, 4ted water vapor pressure in Torr 

at temperatu-e 7 in degrees K. 

The tiausmisslon of hunld air is the product 

of Ta and T^. 

5.   Transmitslon through rain whose drop diam- 

eter is larger than 10 ^ Is wavelength-independent 

in the   Isible, according to Mlddleton.10   The ex- 

tinctloo coefficient for water drops is then given 

by« 

i     '- 

ziif.T,:? £:ZSXaanc™' 
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M^   -   2 x 10s N n a8 (km-1) 

where N la the nunber density (en'3) of drops of 
radius a (CB). 

Hftrd}-17 bss published d«-»    an drop-site dlstrl- 
buticas far various rktes of ralnfisll at Flagstaff, 

Arizona.   A rougb nuMurleal integration of jxtlnc- 

tioo coefficient over drop size distribution «as 

carried out, and the res'-ltant extinction coeffi- 

cient Is plotted as a functiOD of rain Intensity in 

71g. 27. 
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